REVIEW ARTICLE
Dynamic mutations on the move Grant R Sutherland, Robert I Richards It is only a short time since the isolation and characterisation of the fragile X syndrome mutation'-3 uncovered a new genetic element and mechanism of mutation. The genetic element was an unstable DNA sequence resulting from amplification of a naturally occurring polymorphic trinucleotide repeat, p(CCG)n. The mechanism of mutation, which we have termed dynamic mutation,4 is the change (increase or decrease) in copy number of the trinucleotide repeat with the rate of change related to the number of copies present at any time. This process, in which an initial change to a DNA sequence alters the chance of further changes to it, contrasts with classical or static mutation in which the product of a mutation is no more likely to undergo further changes than was the initial DNA sequence.
The instability of the amplified p(CCG)n repeat in fragile X Parent of origin effects are marked in transmission of dynamic mutations. In fragile X syndrome the premutation only progresses to a full mutation and becomes clinically significant when it is transmitted by a female. In DM, the congenital form of the disease only occurs when a child receives the mutation from its mother. In HD, and possibly spinocerebellar ataxia, juvenile onset of the disease is paternally determined. The instability of the repeats would appear to be different in germline and somatic tissues. In fragile X only small changes, within the premutation range, are apparently transmitted through sperm and possibly also through ova.'4 The large expansions seen in somatic tissues occur postzygotically but, by some imprinting mechanism, these expansions only occur on the maternally transmitted chromosome. The p(AGC)n repeat in HD sperm is particularly unstable and may be the reason why there are greater differences in copy number between fathers and their children than mothers and their children. '5 The parental bias of congenital DM transmission appears to be because of constraints on the size of the repeat which can be transmitted by males; these constraints are not apparent in maternal transmission. '6 17 In particular, the copy number of the p(AGC)n repeat may increase when it is transmitted by either parent, but once males have about 600 to 700 copies little further increase occurs and decreases in size are seen. Females can, however, have children with up to approximately 4000 copies of the repeat. Studies on sperm from DM males are yet to be reported.
The basis for the sex differences, including the imprinting associated with the fragile X, are unknown. Whether they reflect the differences in the mechanisms of gamete formation or some other property of the sequences themselves remains unclear. There is evidence in fragile X syndrome that the increases in repeat copy number occur early in development after which time the sequence is stabilised and copy number changes no longer occur in somatic tissues. Jansen et al '8 reported findings that suggest imprinting does not contribute to the manifestation of DM.
Effect of repeat copy number In some of the dynamic mutation disorders there is a relationship between copy number and age of onset of disease. This is most clearly seen in spinocerebellar ataxia where there is a clear curvilinear relationship with only little scatter.'9 In DM there is a general relationship with the congenital form of the disease having the largest number of repeats, but for any given copy number there is a wide range of ages of onset.202' A similar situation exists for Huntington's disease; high copy numbers are associated with juvenile onset but there appears to be little relation between age of onset and copy number where there are fewer than 50 repeats. Andrew et aP22 report that 50% of the variation in age of onset in Huntington's disease can be attributed to repeat copy number. In Kennedy disease there is general decreasing age of onset with increasing copy number. 23 In fragile X, generally, when n exceeds about 200, transcription of the FMR1 gene stops (in lymphocytes), the p(CCG)n repeat and adjacent CpG island become hypermethy- How can these data be interpreted for dynamic mutations? Some of the fragile X mutant haplotypes which do not carry the mutation have repeat copy numbers at the top of the normal range.24 Since the rate of mutation of simple repeat sequences is proportional to copy number, there may be a group of normal alleles with high copy number which are predisposed to mutate. Alternatively, since there can be imperfections in the repeat on normal alleles, and since mutation may be proportional to the length of perfect repeat, some normal alleles without imperfections may also be predisposed to mutation. The linkage disequilibrium studies may therefore not be evidence of rare ancestral mutation but of a small number of normal alleles which have much higher rates of copy number increase, and thus mutation, than other normal alleles.
Genotype to phenotype The mechanisms by which dynamic mutations produce their phenotypic effects are not clear. In fragile X syndrome the full mutation results in inactivation of the FMR1 gene (for a putative RNA binding protein) with cessation of transcription in lymphocytes. In DM there are conflicting reports of decreased27 and increased28 steady state mRNA levels. In the fragile sites and DM the repeat is in a noncoding part of the gene. The 
